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The t r a n s o n i c f l u t t e r d i p phenomena on t h i n a i r f o i l s , which are employed for p r o p f a n b l a d e s , i s l n v e s t l g a t e d u s i n g an i n t e g r a t e d E u l e r / Navier-Stokes code and a two degrees o f freedom t y p i c a l s e c t i o n s t r u c t u r a l model. As a p a r t o f
m t h e code v a l i d a t i o n , t h e f l u t t e r c h a r a c t e r l s t i c s 5 o f the NACA 64A010 a i r f o i l a r e a l s o i n v e s t i g a t e d .

I
I n a d d i t i o n , t h e e f f e c t s o f a r t i f i c i a l d i s s i p a t i o n models, r o t a t i o n a l f l o w , I n i t i a l c o n d i t i o n s , mean angle of a t t a c k , v i s c o s i t y , a i r f o i l t h i c k n e s s , and shape on f l u t t e r a r e i n v e s t i g a t e d .
The present r e s u l t s o b t a i n e d w i t h a E u l e r code for the NACA 64A010 a i r f o i l a r e i n reasonable agreement w i t h pub1 i shed r e s u l t s o b t a i n e d by u s i n g t r a n s o n i c small d i s t u r b a n c e and E u l e r codes. The two a r t i f i c i a l d i s s i p a t l o n models, one based on t h e l o c a l pressure g r a d i e n t s c a l e d by a common f a c t o r and the o t h e r based on t h e l o c a l pressure g r a d l e n t scaled by a s p e c t r a l r a d i u s , p r e d i c t e d t h e same f l u t t e r speeds except i n t h e r e c o v e r y r e g i o n for the case s t u d i e d .
t i o n s , mean angle o f a t t a c k , and v i s c o s i t y for t h e
Reynold's number s t u d i e d seem t o be n e g l i g i b l e or small on t h e minima o f t h e f l u t t e r d i p . However, they have s i g n i f i c a n t e f f e c t on t h e f l u t t e r bounda r y away from t h e d i p .
The f l u t t e r d i p s h i f t s towards h i g h e r Mach number as t h e t h i c k n e s s decreases for symmetrical a i r f o i l s , o t h e r parameters b e i n g t h e same. T h i s i s i n d i r e c t r e l a t i o n t o t h e l o c a t i o n and s t r e n g t h o f
t h e shock. The f l u t t e r boundary for a t h i n cambered a i r f o i l ( p r o p f a n a i r f o i l ) showed t h a t t h e e f f e c t o f camber i s n u l l i f i e d by t h e e f f e c t due t o r e d u c t i o n i n t h i c k n e s s and showed a r e l a t i v e l y low t r a n s o n i c d i p .
The f l u t t e r boundary o f a s i m u l a t e d SR5 propfan t y p i c a l s e c t i o n model showed a v e r y low t r a nsonic f l u t t e r d i p . However, f u r t h e r s t u d i e s w i t h v a r y i n g mean angles o f a t t a c k and mass r a t i o a r e r e q u i r e d to b e t t e r understand t h e t r a n s o n i c f l u t t e r d i p phenomena o f h i g h l y swept propfans. 
NOMENCLATURE
d i s t a n c e o f e l a s t i c a x i s from t h e o r i g i n speed of sound semi chord damping C o e f f i c i e n t i n p l u n g i n g pressure c o e f f i c l e n t damping c o e f f i c i e n t i n p i t c h i n g chord l i f t c o e f f i c i e n t moment c o e f f i c i en t about e 1 as t i c ax i s t o t a l energy of t h e f l u i d p e r u n i t volume p l u n g i n g (bending) displacement, p o s it l v e downward p o l a r mass m m e n t o f i n e r t i a Jacobian o f t r a n s f o r m a t i o n p l u n g i n g s p r i n g c o n s t a n t p i t c h i n g s p r i n g c o n s t a n t Mach number mass p e r u n i t l e n g t h g e n e r a l i z e d f o r c e i n p l u n g i n g g e n e r a l i z e d f o r c e i n p i t c h i n g Reynold's number based on chord r a d i u s o f g y r a t i o n about e l a s t i c a x i s r a d i u s o f g y r a t i o n about c e n t e r o f g r a v i t y s t a t i c unbalance, mbx, S
1
Introduction
The requirements o f high aerodynamic effi-I ciency and low noise in the operating range of transonic flow has resulted in thin (2 t o 4 percent thick). highly swept and twisted blades for propfans. These blades operate at moderate t o large mean angles o f attack. In wind tunnel tests of a ten-bladed, highly swept SR5 propfan model ,l conducted at NASA Lewis Research Center, the blades have fluttered at transonic tip Mach numbers at sea level conditions. The aeroelastic characterlstics o f this model were investigated in Refs. 1 to 3 by using a two-dimensional linear subsonlc unsteady cascade aerodynamic theory with a correction for blade sweep. The correlation between theory and experiment varied from poor to good, depending on the test parameters. To further understand the physlcs of the flutter phenomena and to validate the recently developed linear cascade aeroelastic models for three-dimensional subsonic flow conditions, correlative studies were continued in Refs. 3 t o 6 which showed good agreement between theory and experiment. However, because of the limltations of the employed linear subsonic unsteady cascade aerodynamlc models, the investigations in Refs. 1 t o 6 were unable t o throw any light o n the effect o f nonlinear transonic flow o n flutter characteristics of swept, thin blades in general, and of the SR5 propfan mode1 in parti cul ar .
help address the nonlinear effects on the flutter of a propfan in the transonic flow regime by using a step-by-step approach. In the first step, the investigation is restricted t o an isolated airfoil with two degrees of freedom. The fsolated airfoil section is selected as the section at 75 percent span of a thin swept propfan blade. The unsteady aerodynamic loads on the isolated airfoil are calculated by uslng a two-dimensional EulerINavierStokes solver. This aerodynamic model 1s selected since adequate three-dimensional, unsteady, cascade, transonic aerodynamic models for rotating propfan blades are not available. Even though the propfan blades are i n a cascade, which has a destabilizing effect on flutter characteristics, the cascade effects are neglected in this investigation; since the major goal of this paper is t o understand the physics behind the flutter dip phenomena of thin, swept isolated airfoils. As a byproduct o f the code validation calculations, the effects of blade shape. thickness, mean angle of attack, initial conditions, rotational flow, and viscosity o n the transonic flutter characteristics of a thick airfoil are also investigated. 
The present investigation was initiated to
The approach being used for the flutter analy-
This
The small disturbance theory and full potential flow theories fail t o take into account the rotationality of the flow, which could be significant for regions where curved shocks exist. Furthermore, potential flow theory may give multiple steady-state solutions at a given flight condition if the free stream Mach number is sufficiently h i g h . been p r e d i c t e d u s l n g these methods, t h e q u e s t i o n has always been asked, how s t r o n g a r e t h e e f f e c t s o f r o t a t i o n a l f l o w , shock l o c a t i o n , and shock s t r e n g t h on t h e p r e d i c t l o n of f l u t t e r boundaries?
These e f f e c t s can o n l y be s t u d i e d by u s i n g e i t h e r t h e E u l e r equations o r t h e Navler-Stokes equations.
Even though t h e f l u t t e r boundaries have F l u t t e r c a l c u l a t i o n s u s i n g E u l e r equations were presented i n Ref. 2 3 . The s t u d y showed s i gn i f i c a n t d i f f e r e n c e s i n t h e f l u t t e r boundaries, compared w i t h those o b t a i n e d u s i n g TSD t h e o r i e s , when t h e steady shocks a r e s t r o n g and a t or near the t r a i l i n g edge. Reference 16 presented steady and unsteady pressure c a l c u l a t i o n s u s i n g E u l e r equatlons. and concluded t h a t " t h e i n t e r a c t i o n of shock w i t h t h e boundary l a y e r i s s t r o n g enough t o a l t e r t h e a i r f o i l pressure d i s t r i b u t i o n substant i a l l y . " The i n t e r a c t i o n o f a shock and boundary l a y e r may l e a d t o boundary l a y e r s e p a r a t i o n r e s u l ti n g i n a f l o w c o n d i t i o n which i s t o t a l l y beyond t h e c a p a b i l i t y o f E u l e r equatlons. A l s o , t h e E u l e r e q u a t i o n s do n o t show t h e e f f e c t o f v i s c o s i t y on t h e f l u t t e r boundary. T h i s means t h a t for most a c c u r a t e p r e d i c t i o n o f t h e aerodynamic loads and the f l u t t e r boundary, s o l u t i o n o f t h e Navier-Stokes equations i s needed. I t should a l s o be n o t e d here t h a t t h e c a l c u l a t i o n s done so f a r i n t h e p u b l i s h e d l i t e r a t u r e have been w i t h 6 t o 12 p e r c e n t t h i c k a l r f o i l s . Wlth the advent o f propfans, c o n s i s t i n g o f 2 t o 4 p e r c e n t t h i c k a i r f o i l s , an i n v e s t i g a t i o n i s r e q u i r e d for t h i n n e r a i r f o i l s . o f a t t a c k , v i s c o s i t y , blade shape, and t h l c k n e s s on the t r a n s o n i c f l u t t e r c h a r a c t e r i s t i c s o f a swept NACA 64A010 a i r f o i l w i t h t h e s t r u c t u r a l parameters g i v e n i n Ref. 20. Next, t h e coupled b i n a r y s t r u c t u r a l dynamic model flow s o l v e r w i l l be a p p l i e d to a t h i n , swept SR5 p r o p f a n blade s e c t i o n t o study i t s t r a n s o n i c f l u t t e r c h a r a c t e r i st i c s . I t i s t o be mentioned here t h a t t h e a r t i f ic i a l d l s s i p a t i o n model used i n Ref. 24 was based on the l o c a l pressure g r a d i e n t s c a l e d by a c n s t a n t f a c t o r . Recently, e f f o r t s are b e i n g madeY7 t o i n c o r p o r a t e a second d i s s i p a t i o n model i n t h l s code. T h i s model i s based on t h e l o c a l p r e s s u r e g r a d l e n t s c a l e d by a s p e c t r a l r a d i u s . P r e l i m i n a r y r e s u l t s o b t a i n e d u s l n g t h i s model w i l l a l s o be presented for comparison.
Aeroel a s t i c Model
A t y p i c a l s e c t i o n model o f a blade, as shown i n F i g . l ( a ) . i s used for t h e f l u t t e r study. The t y p i c a l s e c t i o n has two degrees o f freedom, plungi n g ( h ) and p i t c h l n g (a), p o s i t i v e as shown. The governing equations for t h i s model a r e mi ; t 56 t Chh t Khh = Qh Sh + Iaa t Caa + Kaa = Q , ( 1 ) where m i s t h e mass, S 1s s t a t i c unbalance, ch,ca a r e s t r u c t u r a l damping parameters, Kh and K a r e t h e p l u n g i n g and p i t c h i n g s p r i n g c o n s t a n t s ,
Q :
and Q , a r e t h e g e n e r a l i z e d f o r c e s , and ( ) ' i s Kh/m, U2 = C a l l a , ch = 2Shohm. and a C , = ZSawaIa, where b i s t h e semi-chord, 1 , i s the mass moment o f i n e r t i a about t h e e l a s t i c a x i s , q, and oa a r e t h e uncoupled p l u n g i n g and p i t c hi n g f r e q u e n c i e s , Sh and Sa a r e t h e c r i t i c a l damping f a c t o r s i n bending and t o r s i o n , Eq. ( l ) , can be w r i t t e n as
The g e n e r a l i z e d f o r c e s , Qh and 0 , a r e r e l a t e d t o t h e l i f t and moment c o e f f i c i e n t s , o b t a i n e d from t h e aerodynamic code as f o l l o w s :
where c 1 i s t h e l i f t c o e f f i c i e n t , and Cm i s t h e moment c o e f f i c i e n t about t h e a x i s o f r o t a t i o n ( e l a s t l c a x i s ) , V i s t h e r e s u l t a n t v e l o c i t y and p i s t h e a i r d e n s i t y . D e f i n i n g , t = ta,/(Zb), and V'P V/(bw ) , where s u b s t i t u t y n g Eq. An i m p l i c i t t i m e marching technique I s used t o s o l v e Eq. ( 4 ) i n time. L e t n be t h e time l e v e l where t h e s o l u t i o n i s known and n + l i s t h e t i m e l e v e l where h and a a r e sought. Then t h e f i r s t and second d e r l v a t l v e s o f h ( w i t h s i m i l a r expresslons for a) a r e w r i t t e n as where A t I s t h e t i m e s t e p i n t h e marching procedure. d e r i v a t i v e s for h , h , a , a i n t o Eq. ( 4 ) leads t o a system o f simultaneous equations for h and a a t each t i m e s t e p .
The l i f t and moment c o e f f i c i e n t s (cl, Cm) i n S u b s t i t u t l o : of,,thefe f l f n i t e d i f f e r e n c e Eq. (41, a r e c a l c u l a t e d by i n t e g r a t i n g t h e pressure d i s t r i b u t i o n o v e r t h e a i r f o i l s u r f a c e a t each t i m e step. The p r e s s u r e i s o b t a i n e d by s o l v i n g t h e unsteady, two-dimensional, Reynolds-averaged, comp r e s s i b l e E u l e r or Navier-Stokes equations on a b o d y -f i t t e d c o o r d i n a t e system i n s t r o n g conservat i o n form u s i n g an a l t e r n a t e d i r e c t i o n i m p l i c i t (ADI) procedure. The f o r m u l a t i o n has been described i n Ref. 26, and o n l y a b r i e f o u t l i n e i s g i v e n h e r e . A l l t h e c a l c u l a t i o n s a r e performed i n a b o d y -f i t t e d c o o r d i n a t e system (6. I-,. T) which i s mapped t o t h e C a r t e s i a n c o o r d i n a t e s ( x . y. t ) . F i g . I ( b ) . a c c o r d i n g to t h e f o l l o w i n g one-to-one r e l a t i o n s h i p :
The Jacobian o f t h e t r a n s f o r m a t i o n J i s g i v e n by and t h e m e t r i c s o f t h e t r a n s f o r m a t i o n a r e g i v e n by the r e l a t i o n s h i p :
Once a g r i d has been c o n s t r u c t e d t h e m e t r i c s of t h e t r a n s f o r m a t i o n can be e v a l u a t e d n u m e r i c a l l y . Standard c e n t r a l d i f f e r e n c e s were used t o compute the q u a n t i t i e s such as q u a n t i t i e s i n t u r n were used i n Eqs. (7) and (8) t o compute S x , ty, e t c . A t the boundaries, threep o i n t one-sided d i f f e r e n c e s were used t o compute t h e m e t r i c s .
x, , , y, , e t c . , and these I n t h e ( t , 0. T ) c o o r d i n a t e system, the twodimensional unsteady Navier-Stokes equations may be wri t t e n as
where (10) 1 = J-( p , pu, pv, e ) and p i s the f l u i d d e n s i t y : u and v a r e t h e C a r t e s i a n components o f f l u i d v e l o c i t y ; e i s t h e t o t a l energy-of Jhe-fluid p g r u n i t volume. q u a n t i t l e s F , G . R, and S a r e g i v e n by The (E,F + S,G + E, q) J P.
The terms F and R a r e t h e f l u x and v i scous s t r e s s terms a l o n g t h e x -d i r e c t i o n and G and S a r e l i k e w i s e t h e f l u x and viscous terms along the y -d i r e c t i o n and a r e g i v e n as f o l l o w s :
The q u a n t i t i e s R4 and 54 r e p r e s e n t t h e d i s s i p at i o n o f energy due t o work done by t h e f l u i d i n t h e
x-and y -d i r e c t i o n s r e s p e c t i v e l y . The v i s c o u s s t r e s s e s T~~, rxy. and T a r e r e l a t e d t o t h e v e l o c i t y g r a d i e n t s through'rtokes h y p o t h e s i s .
Since t h e governing equations, Eq. ( 9 ) . a r e coupled and h i g h l y n o n l i n e a r , a s t a b l e and e f f ic i e n t s o l u t i o n procedure i s r e q u i r e d . p r e s e n t work, The g o v e r n i n g equations a r e w r i t t e n a t a comp u t a t i o n a l node ( i , j ) i n t h e f o l l o w i n g f i n i t e d i ff e r e n c e form: .zn+l
In2Qhe
The viscous where The OD r t o r s 6 and bIl a r e t a t r a l d i f f e i e n c e o p e r a i o r s . For example, 6 r F i i I s t h e standard two o o i n t c e n t r a l dard cent h e term d i f f e r e n c e f6rm;ya
. D i j i s an a r t i f i c i a l d i s s i p a t i o n erm and s dfscussed i n t h e n e x t s e c t i o n .
The h i g h l y n o n l i n e a r terms F and G a t t h e time l e v e l ( n t l ) were expanded by a Taylor s e r i e s about a p r e v i o u s t i m e l e v e l n as where aria; and aEia6 a r e 4 by 4 matrices-which a r e t h e Jacobians-of t h e f l u x terms ? and G w i t h r e s p e c t t o q.
I n o r d e r t o a l l o w l a r g e values of t h e e x p l i c i t d i s s i p a t i o n c o e f f i c i e n t c E to be used w i t h o u t i n s t a b i l i t y , and t o a l l o w t h e viscous terms t o be t r e a t e d e x p l i c l t l y , t h e f o l l o w i n g i m p l i c i t d i s s i p at i o n terms were added t o t h e l e f t s i d e o f t h e d i fference Eq. (13).
The c o e f f i c i e n t c I was taken t o be two t o t h r e e times t h e e x p l i c i t d i s s i p a t i o n c o e f f i c i e n t c E .
A range o f eE values between 2 and 5 were used i n t h e c a l c u l a t i o n s .
high-frequency e r r o r s i n t h e s o l u t i o n a t every time step, and t o a v o i d odd-even decoupling o f t h e numerical s o l u t i o n s . Two models o f i n t r o d u c i n g a r t i f i c i a l d i s s i p a t i o n a r e a v a i l a b l e i n t h e present code. I n model I,26 t h e d i s s i p a t i o n t e r m i s writt e n , i n c o n s e r v a t i v e form, as a combination o f second and f o u r t h o r d e r d i s s i p a t i v e terms. T h i s model The d i s s i p a t i v e term, D i j , i s added t o remove i s based on the l o c a l pressure g r a d i e n t s c a l e d by a c o n s t a n t f a c t o r . A sensor based on t h e second d e r i v a t i v e o f pressure, t u r n s t h e second o r d e r d i ss i p a t l o n t e r m i n t h e v i c i n i t y o f shocks and suppresses the f o u r t h o r d e r d i s s i p a t i o n terms. T h i s senslng i s f o l l o w e d o n l y i n t h e streamwise d i r e ct i o n . A more d e t a i l e d d e s c r i p t i o n o f t h i s model,
and bench mark c a l c u l a t i o n s a r e presented i n R e f . 26. This model, as p o i n t e d o u t I n Ref. 30, adds p o s i t i v e d i s s i p a t i o n i n c e r t a i n r e g i o n s and n e g a t i v e d i s s i p a t i o n i n o t h e r r e g i o n s depending on the flow f i e l d g r a d i e n t s i n t h a t r e g i o n , which may degrade t h e s o l u t i o n accuracy i n some flow problems.
scaled w i t h t h e s p e c t r a l r a d i u s o f t h e f l u x v e c t o r . The f o u r t h o r d e r d i f f e r e n c e term i s m o d i f i e d i n a way t h a t i t produces p o s i t i v e d l s s i p a t i v e terms. T h i s model i s s i m i l a r t o t h e one presented i n
Refs. 31 and 32 and i s b e i n c u r r e n t l y implemented i n the p r e s e n t code by NU.^^ Some p r e l i m i n a r y t e s t r e s u l t s w i l l be g i v e n i n the p r e s e n t paper. Equatlon (13) may be w r i t t e n a f t e r the addit i o n o f the a r t i f i c i a l i m p l i c i t d i s s i p a t i o n erms g i v e n by Eq. ( 1 5 ) . i n t h e f o l l o w i n g o p e r a t o r form I n model I I , z 7 t h e l o c a l p r e s s u r e g r a d i e n t i s where J1'
The l e f t hand s i d e o p e r a t o r o f Eq. (16) was a p p r o x i m a t e l y f a c t o r e d i n t o two small o p e r a t o r s , l e a d i n g t o t h e f o l l o w i n g f i n a l form: a Equatlon 18 may be solved through t h e l n v e rs l o n of two b l o c k t r i d l a g o n a l m a t r i x equations, one corresponding t o t h e < -d i r e c t i o n , and t h e o t h e r corresponding t o t h e q -d i r e c t i o n . I n o r d e r t o keep t h e flow s o l v e r simple, t h e boundary condit l o n s on a l l t h e boundaries were e x p l i c i t l y updated a f t e r t h e i n t e r i o r p o i n t s had been updated u s i n g Eq. ( 1 8 ) .
The Baldwin-Lomax33 eddy v i s c o s i t y model i s used to model t h e t u r b u l e n t momentum and energy t r a n s f e r . T h i s i s a two l a y e r a l g e b r a i c t u r b u l e n c e model w i t h two a l g e b r a l c equations i n each l a y e r .
A l g e b r a i c g r i d g e n e r a t i o n r o u t i n e s were i n c l u d e d by Sankar and Tang26 t o make t h e code more p o r t a b l e . Both 0-and C-grids can be generated. However, any g r i d can be o v e r w r i t t e n for t h e a l g b r a i c g r i d , for example, by a numerical g r i d . 3 4~5 i
The boundary c o n d l t l o n s were t r e a t e d e x p l ic i t l y as follows: a t t h e s o l i d surface, t h e no
s l i p boundary c o n d i t i o n s were e n f o r c e d by s e t t i n g the v e l o c i t y o f the f l u i d t o t h a t o f the s o l i d surf a c e a t every t i m e s t e p . A t t h e s o l i d surface, the normal d e r i v a t i v e o f t h e temperature and pressure were a l s o s e t t o z e r o . The use o f the C -g r i d system i n t r o d u c e s a c u t between t h e a i r f o i l t r a i l i n g edge and the downstream boundary. Along t h i s c u t ,
t h e flow p r o p e r t i e s were averaged f r o m above and below. The b o d y -f i t t e d g r i d s employed i n t h i s work were such t h a t t h e f a r f i e l d boundaries were a t l e a s t s i x chord l e n g t h s away. The flow p r o p e r t i e s a t t h e f a r f i e l d boundaries were assumed t o be u n d i s t u r b e d .
The Navier-Stokes s o l v e r d e s c r i b e d here may a l s o be used t o model i n v i s c i d r o t a t i o n a l f l o w s . This r e q u i r e s t h a t t h e v i s c o u s terms i n t h e NavierStokes equations be suppressed, and t h a t t h e z e r o t a n g e n t i a l v e l o c i t y boundary c o n d i t i o n a t the s o l i d s u r f a c e be r e p l a c e d by a nonzero v a l u e , o b t a i n e d by e x t r a p o l a t i n g t h e t a n g e n t i a l component o f the f l u i d v e l o c i t y from t h e i n t e r i o r . has been used t o p r e d i c t t h e dynamic s t a l l charact e r i s t i c s for t h e NACA 0012 a i r f o i l ,26 t r a n s o n i c f l o w s o l u t i o n s , 3 6 and s t a l l f l u t t e r c h a r a c t e r i s t i c s f o r t h e NACA 0012 a i r f o i l . 2 4
R e s u l t s and D i s c u s s i o n o b t a i n e d w i t h t h e a e r o e l a s t i c model d e s c r i b e d earl i e r . F i r s t , t h e code i s v a l i d a t e d w i t h p u b l i s h e d
r e s u l t s . Next, t h e e f f e c t s o f r o t a t i o n a l flow, i n i t i a l c o n d i t i o n s , mean angle of a t t a c k , and shape and t h i c k n e s s on t r a n s o n i c f l u t t e r a r e invest i g a t e d . done f o r t h e SR5 p r o p f a n b l a d e t y p i c a l s e c t i o n model.
This code T h i s s e c t i o n presents t h e numerical r e s u l t s
Then t r a n s o n i c f l u t t e r c a l c u l a t i o n s a r e Code V a l i d a t i o n References 24, 26. and 36 presented s e l e c t e d v a l i d a t i o n cases w i t h t h e p r e s e n t E u l e r / N a v i e rStokes flow s o l v e r . These cases represented d i ff e r e n t a i r f o i l s a t d i f f e r e n t flow c o n d i t i o n s . I n those r e f e r e n c e s , t h e d i s s i p a t l o n model I, which was d e s c r i b e d e a r l i e r was used. As a p a r t o f t h e v a l i
o e f f i c i e n t , -Cp, versus nondimensional d i s t a n c e a l o n g t h e chord, x -0 . 5 * ( x / b t l ) , see t h e c o o r d i n a t e system i n F i g . l ( a ) ) for t h e RAE 2822 a i r f o i l a t Mach number, M = 0.73, angle o f a t t a c k , aa = 2.79O; and Reynold's number, Re . I 6 . 5 m i l l i o n . The numerical r e s u l t s w i t h b o t h d i s s i p a t i o n models and t h e experimental d a t a show v e r y good comparison. These comp a r i s o n s h e l p t o g i v e confidence i n t h e code and i n t h e a t t e m p t a t f l u t t e r c a l c u l a t i o n s w i t h t h e d i s s ip a t i o n model 11. code f o r p r e d i c t i n g t h e t r a n s o n i c f l u t t e r d i p , t h e f l u t t e r boundary o f t h e NACA 64A010 a i r f o i l i s o b t a l n e d . The c a l c u l a t i o n s a r e c a r r i e d o u t u s i n g 
I n o r d e r t o e s t a b l i s h t h e c a p a b i l i t y o f t h e
boundary i s presented as a v a r i a t i o n o f t h e f l u tt e r speed index ( V * F / q) versus Mach number ( M ) .
f o i l a r e compared w l t h p u b l i s h e d r e s u l t s 1 0 $ 1 1 -2 1 . 2 3 i n F i g . 4. Refs. 10, 11, and 21 used t r a n s o n i c small d i s t u r b a n c e (TSD) t h e o r y and Ref. 23 used E u l e r e q u a t i o n s i n t h e c a l c u l a t i o n s . I n t h i s comp a r l s o n , d i f f e r e n c e s due t o g r i d s , numerical schemes, a r t i f i c i a l v i s c o s i t y , e t c . . employed i n t h e p u b l i s h e d r e s u l t s a r e n o t considered b u t o n l y t h e f l u t t e r boundaries a r e compared. I n t h e p r e s e n t c a l c u l a t i o n s , t h e l n i t i p l condition;, a ( 0 ) -0 . 1 O . w i t h z e r o h(O), h (0). and a (0) a r e u d
The omparison shows t h a t a l l of t h e codesfg*i1*21.25 q u a l i t a t l v e l y p r e d i c t t h e t r a ns o n i c d i p .
For Mach numbers between 0 . 7 and 0.82, t h e f l u t t e r speeds p r e d i c t e d by t h e p r e s e n t E u l e r code a r e l e s s than t h e corresponding values from Refs. IO. 1 1 , 21. and 23. For Mach numbers between 
and 0.87 t h e f l u t t e r speeds p r e d i c t e d by a l l t h e codes a r e i n good agreement. These d i f f e r e n c e s can be e x p l a i n e d p a r t l y by i n s p e c t i o n o f t h e pressure d i s t r i b u t l o n o v e r t h e a i r f o l l . For a Mach number o f 0 . 8 , t h e p r e s s u r e d i s t r i b u t i o n (Cp), showed a shock appearlng near t h e mid chord. This shock t r a v e l s towards t h e t r a i l i n g edge and increases i n s t r e n g t h as t h e Mach number i n c r e a s e s . The TSD t h e o r i e s a r e n o t a b l e t o model t h e e f f e c t o f r o t a t i o n d l f l o w downstream o f t h e shock which
c o u l d be s i g n i f l c a n t i n some cases. Since t h e shock i s almost near the mid chord, the flow i s r o t a t i o n a l over a reasonably l a r g e s u r f a c e . T h i s e f f e c t on a Considerably l a r g e s u r f a c e 1s t o t a l l y n e g l e c t e d by t h e TSO codes which c o u l d r e s u l t i n a h i g h e r f l u t t e r boundary. Thus t h e d i f f e r e n c e between t h e f l u t t e r speeds c a l c u l a t e d by u s i n g t h e E u l e r code and TSD codes i n t h i s r e g i o n may be a t t r i b u t e d to r o t a t i o n a l flow and e n t r o p y e f f e c t s behind shock. However f o r Mach numbers between 0 . 8 5 and 0.88. the shock i s almost near t h e t r a i li n g edge r e d u c l n g t h e s u r f a c e o v e r which t h e flow i s r o t a t i o n a l . Then the c a l c u l a t i o n s w i t h E u l e r code shows same accuracy as of TSD codes. This could e x p l a i n t h e v e r y good comparison by a l l t h e codes between M = 0.85 and 0.88.
The f l u t t e r The r e s u l t s o b t a i n e d for t h e NACA 64A010 a i rHowever, t h e t r a n s o n i c r e c o v e r y p o r t i o n of t h e f l u t t e r boundary p r e d i c t e d by t h e E u l e r codes d i f fe r s from those p r e d i c t e d by codes based on TSD t h e o r y . The r e c o v e r y p r e d i c t e d by E u l e r codes occurs a t a h i g h e r Mach number compared t o t h e one p r e d i c t e d by TSD codes. Also, t h e E u l e r code o f Ref. 23 p r e d i c t s t h e r e c o v e r y t o be a t a h i g h e r
Mach number compared t o t h e p r e s e n t E u l e r code. Beyond M = 0.88, t h e shock s t r e n g t h i s s u f f i c ie n t l y h i g h enough t o induce s e p a r a t i o n . and TSD codes f a i l t o model separated flow behind shocks and p r e d i c t q u a l i t a t i v e l y t h e same f l u t t e r boundary beyond M = 0.88.
Also, t h e r e a r e s i g n i f i c a n t q u a l i t a 
t i v e d i f ferences i n t h e r e c o v e r y r e g i o n o f t h e f l u t t e r boundary o b t a i n e d by t h e two d i s s i p a t i o n models a v a i l a b l e i n t h e p r e s e n t E u l e r code. The d i s s i p at i o n model I p r e d i c t s a f l u t t e r boundary which f o l d s o v e r t o p r o v i d e upper boundaries. For a Mach number o f 0.9, t h r e e boundaries a r e observed. T h i s compares q u a l i t a t i v e l y w i t h t h e boundaries o b t a i n e d i n Refs
t h e f l u t t e r boundary jumps c o n s i d e r a b l y , and i s almost t h e same as t h e t h i r d boundary o b t a i n e d w i t h d i s s i p a t i o n model 1. This has a l s o been observed by I s o g a i . 2 1 e x p l a i n e d by o b s e r v i n g t h e p r e s s u r e d i s t r i b u t i o n o b t a i n e d w i t h t h e two d i s s i p a t i o n models. The pressure d i s t r l b u t l o n s o b t a i n e d a t M = 0 . 9 w i t h t h e two d i s s i p a t i o n models a r e shown I n F i g . 5 . Both models show c o n s i d e r a b l e d i f f e r e n c e s w i t h r e g a r d t o t h e shock l o c a t i o n and shock s t r e n g t h .
The d i s s i p a t i o n model I 1 p r e d l c t s t h e shock t o be c l o s e r t o t h e t r a i l i n g edge t h a n t h a t p r e d i c t e d by d i s s i p a t i o n model I . T h i s may be t h e reason for
t h e d i f f e r e n c e observed i n t h e r e c o v e r y r e g i o n w i t h these models. f i g u r e 6 shows a t y p i c a l t r a n s i e n t response s o l u t i o n . F i g u r e 6(a) shows t h e t r a n s i e n t response for a p o i n t below t h e f l u t t e r speed and F i g . 6(b) shows t h e response for a p o i n t above t h e f l u t t e r speed.
I n b o t h t h e responses, t h e amplitude o f h
I s l a r g e r than t h a t o f a. I n d i c a t i n g p o s s i b l e bendfng mode i n s t a b i l i t y .
The above comparisons for t h e NACA 64A010 h e l p t o g l v e confidence i n t h e code f o r i n v e s t i g a t i o n o f t h e f l u t t e r d l p phenomena for o t h e r a i r f o i l s . I t a l s o shows t h e importance of t h e accurate p r e d i ct i o n o f the shock s t r e n g t h and p o s i t i o n .
The code i s now a p p l i e d t o study t h e e f f e c t s
The E u l e r Again, t h i s d i f f e r e n c e can be o f the f o l l o w i n g : ( 1 ) 
i n i t i a l c o n d i t i o n s , ( 2 ) mean angle o f a t t a c k , ( 3 ) v i s c o s i t y , and ( 4 ) t h i c k n e s s and shape. D i s s i p a t i o n model I i s used i n a l l t h e c a l c u l a t i o n s .
Effect o f i n i t i a l c o n d i t i o n s . To study t h e e f f e c t o f i n i t i a l c o n d i t i o n s , t h e i n i t i a l condit,ion
on a(0) i s increased from 011. t o 4 O . The f l u t t e r boundary f o r 4O, t o g e t h e r w i t h t h a t f o r 0 . l o , i s shown i n f i g . 7 . For a Mach number o f 0.8 t h e f l u t t e r speed for 4 O decreases by approximately 30 p e r c e n t . This has a l s o been observed i n Ref. 23. However, for Mach numbers o f 0.85 and 0.88 t h e r e does n o t seem t o be any s i g n i f i c a n t change i n f l u t t e r speeds ( l e s s than 10 p e r c e n t ) . T h i s again seems t o be due t o t h e p o s i t i o n o f t h e shock. Since t h e shock i s near t h e t r a i l i n g edge of t h e a i r f o i l , t h e e f f e c t of r o t a t i o n does n o t 6 seem t o be of much s l g n l f i c a n c e . The r e s u l t s show t h a t the I n i t i a l c o n d i t i o n s coupled w i t h t r a n s o n l c flow n o n l i n e a r i t i e s have s i g n i f i c a n t e f f e c t s on t h e f l u t t e r c h a r a c t e r l s t i c s i n t h e t r a n s o n l c Mach number range, b u t n e g l i g i b l e e f f e c t on t h e mlnima o f t h e t r a n s o n i c d i p . The t r a n s o n i c d i p moves t o l e f t s i n c e t h e shock occurs a t lower Mach numbers. For Mach number equal t o 0.8, t h e r e d u c t i o n i n f l u t t e r speed index i s almost 50 perc e n t . This was a l s o observed by Edwards, e t a l e l o However, t h e s h i f t i n g o f t h e f l u t t e r boundary does n o t seem t o be as much as observed i n Ref. 10. Again, t h e e f f e c t o f t h e mean angle 1s n e g l i g i b l e a t t h e mlnima o f t h e d i p .
E f f e c t o f mean angle o f a t t a c k . The e f f e c t of mean anale o f a t t a c k was s t u d i e d by s t a r t l n g t h e s o l u t i o n o f the
E f f e c t o f v l s c o s i t y . The f l u t t e r boundary c a lc u l a t i o n s t o study t h e e f f e c t o f v i s c o s i t y a r e v e r y
expensive. The r e q u i r e d computational t i m e i s almost an o r d e r o f magnltude h i g h e r t h a n t h a t for t h e E u l e r case. Hence t h e e f f e c t was s t u d l e d o n l y for a Reynold's number o f 12 m i l l i o n . r e s u l t s a r e a l s o shown i n F i g .
. For t h i s case a g a l n t h e f l u t t e r boundary near t h e d i p s h i f t s down by l e s s than 5 p e r c e n t . a t t r i b u t e d t o change i n g r i d spacing near t h e a i rf o i l s i n c e a v e r y f i n e g r i d i s r e q u i r e d near t h e a i r f o i l for t h e viscous case. The o n l y s i g n i f i c a n t d i f f e r e n c e was t h a t even w i t h t h e d i s s i p a t i o n model I , t h e r e was no upper boundary observed.
The e f f e c t o f v l s c o s i t y seems n e g l i g i b l e for t h e Reynold's number s t u d i e d here. a lower Reynold's number a r e i n progress.
I n t h e These T h i s s h i f t c o u l d be
However, s t u d i e s a t E f f e c t o f shape and t h i c k n e s s . The e f f e c t o f ShaDe and t h i c k n e s s on t h e f l u t t e r boundary i s s t u d i e d n e x t . Four NACA 16-series a i r f o i l s w i t h the same s t r u c t u r a l dynamic parameters as those used for t h e NACA 64A010 a l r f o l l a r e considered for t h e study (see Table 1 , case A ) . T h i s s e r i e s of a l r f o l l s i s s e l e c t e d because these a i r f o i l s a r e used on c u r r e n t p r o p f a n designs. For example, t h e SRS p r o p f a n has 16-series a i r f o l l s e c t i o n s on t h e o u t e r 45 p e r c e n t o f the span. The a i r f o i l s e c t i o n s v a r y i n t h i c k n e s s and camber. The s e c t i o n s e l e c t e d f o r t h e p r e s e n t a n a l y s i s i s 2.6 p e r c e n t t h i c k and has a d e s i g n l i f t c o e f f i c i e n t o f 0.13. Therefore, for t h e s t u d y o f shape and t h i c k n e s s , t h e a l r f o l l s s e l e c t e d a r e 16-010, 16-004, 16-(1.3)(04), and 1 6 -( 1 . 3 ) ( 2 . 6 ) .
Here the f i r s t two d i g i t s s p e c i f y t h e s e r i e s , t h e n e x t d l g l t I n d i c a t e s t h e amount of camber expressed i n terms o f t h e design l l f t coeff i c i e n t i n t e n t h s , and t h e l a s t two d i g i t s s p e c i f y the t h l c k n e s s t o chord r a t i o i n p e r c e n t chord. The f i r s t t h r e e a i r f o i l s are i n c l u d e d for a step-bystep v e r i f i c a t i o n o f the code and t o a p p l i c a t i o n s f o r t h i n a i r f o i l s . Again, an a l g e b r a i c C-grid o f 157 by 40 i s used.
The f l u t t e r boundaries for t h e s e l e c t e d a i rf o i l s a r e compared i n F i g . 8. Comparison 
o f t h e r e s u l t s for t h e NACA 16-010 and t h e NACA 16-004 a i r f o i l s show t h a t t h e t r a n s o n i c d i p s h i f t s t o t h e r i g h t for t h e l a t t e r a l r f o i l . T h i s 1s due t o a decrease i n t h i c k n e s s which delays t h e f o r m a t i o n
a s m a l l e r jump i n t h e f l u t t e r boundary i n t h e r e c o v e r y r e g l o n . For t h e same Mach number, t h e NACA 16-004 a i r f o i l has a shock appearing behind t h a t o f t h e NACA 16-010 a i r f o i l which r e s u l t s i n a s m a l l e r r e g i o n o f r o t a t i o n a l flow f o r t h e NACA 16-004 a i r f o i l . The combined e f f e c t o f t h e shock l o c a t i o n and shock s t r e n g t h , and r o t a t i o n a l flow i s t o lower t h e boundary for t h e NACA 16-010 as compared t o t h a t o f t h e NACA 16-004 for t h e same Mach number. The f l u t t e r boundaries c a l c u l a t e d up t o M = 0.9 f o r t h e NACA 64A010 and the NACA 16-010 a i r f o i l s d i d n o t show any d i f f e r e n c e , i n d ic a t i n g t h i c k n e s s has more e f f e c t on t h e f l u t t e r boundary than t h e shape.
The f l u t t e r boundary o b t a i n e d for t h e NACA 16-(1.3)(04) i s a l s o shown i n F i g . 8. The pressure d l s t r i b u t l o n curves, n o t shown here, f o r t h i s a i rf o i l showed a shock a t a Mach number equal t o 0.85, which r e s u l t e d I n a d r o p i n t h e f l u t t e r speed index compared t o t h a t f o r t h e NACA 16-004 a i r f o i l . The shock i s a t t h e t r a i l i n g edge beyond M = 0.88, and
Conclusions
F l u t t e r C h a r a c t e r i s t i c s of a S i m u l a t e
d SRS Propfan Blade
A t y p i c a l s e c t i o n model i s c o n s t r u c t e d whlch s i m u l a t e s t h e s t r u c t u r a l p r o p e r t i e s . mode shapes, and coupled frequencies o f t h e SR p r o p f a n . L i n e a r l a t i n g t h e t y p i c a l s e c t i o n model. The r o t a t i o n a x i s ( e l a s t i c a x i s ) and t h e uncoupled bending and t o r s i o n a l frequencies a r e chosen such t h a t t h e mode shapes and coupled f r e q u e n c i e s a r e c l o s e t o those c a l c u l a t e d for a SRS p r o p f a n b l a d e u s i n g NASTRAN a n a l y s l s . The s e l e c t e d p r o p e r t i e s a r e shown i n Table I , case B. I t should be n o t e d here t h a t t h e frequency r a t i o i s almost equal t o one as i n case A . s t u d i e d e a r l i e r , and t h e mass r a t i o i s a p p r o x i m a t e l y t w i c e t h a t o f case A. For t h e s t r u ct u r a l p r o p e r t i e s s e l e c t e d , t h e c a l c u l a t e d f l u t t e r Mach number and ' f l u t t e r reduced frequency a r e 0.875 and 0.17.
The corresponding e x p e r i m e n t a l 1 values a r e 0.88 and 0.17 r e s p e c t i v e l y . The p r e s e n t E u l e r code g i v e s a f l u t t e r Mach number of 0.845. This value i s about 4.5 p e r c e n t l e s s than t h a t o b t a i n e d from SR5 p r o p f a n experlment. The p r e d i c t i o n o f lower f l u t t e r Mach number by t h e p r e s e n t E u l e r code may be due t o t h e f o l l o w i n g reasons: ( 1 ) the l i m i t a t i o n o f t h e t y p i c a l s t r u c t u r a l dynamic model employed t o s i m u l a t e t h e SR5 p r o p f a n and ( 2 ) no s t r u c t u r a l damping i s i n c l u d e d i n t h e p r e s e n t a n a l y s i s .
drops as t h e Mach number i n c r e a s e s up t o M = 0.9, t h e r e a f t e r , i t s t a r t s r e c o v e r i n g . showing a v e r y low t r a n s o n i c f l u t t e r d i p for SR5 p r o p f a n blade. The E u l e r code p r e d i c t s almost t h e same f l u t t e r boundary as t h e l i n e a r i s o l a t e d blade t h e o r y . Howe v e r , a much more pronounced t r a n s o n i c d i p i s expected when t h e f o l l o w i n g aspects a r e consldered. The above c a l c u l a t i o n s a r e made a t z e r o mean angle o f a t t a c k . I n a r e a l s i t u a t i o n . t h e propfan 1 s a t a mean a n g l e o f a t t a c k which may cause t r a n s o n l c f l u t t e r d i p . The mass r a t i o used i s 115, which i s h i g h e r t h a n for t h e p r e s e n t composite propfans havi n g t h e mass r a t i o o f t h e o r d e r o f 33 t o 60. T h i s low mass r a t i o may cause t r a n s o n l c f l u t t e r d i p which needs f u r t h e r I n v e s t i g a t i o n . e f f e c t s which a r e found t o have d e s t a b i l i z i n g e f f e c t on f l u t t e r i n subsonic flow, may a l s o e f f e c t t h e t r a n s o n i c d i p .
The f o l l o w i n g p o i n t s support t h e above p o i n t s when the f l u t t e r boundary o b t a i n e d for t h e NACA 1 6 -( 1 . 3 ) ( 2 . 6 ) a i r f o i l i n F i g s . 8 and 10 a r e compared. I n F i g . 8 , a r e l a t i v e l y l a r g e d i p i s seen for the same a i r f o i l s e c t i o n . Here t h e mass r a t i o i s 60. which i s about 48 p e r c e n t l e s s than t h a t used for SRS p r o p f a n blade t y p i c a l s e c t i o n i n F i g . 10. Also, the e l a s t i c a x l s p o s i t i o n i s one semichord l e n g t h i n f r o n t o f t h e l e a d i n g edge compared t o t h a t used for SR5 propfan blade t y p i c a l s e c t i o n . Since here o n l y an a t t e m p t i s made t o s i m u l a t e a SR5 propfan, these s t r u c t u r a l p r o p e r t i e s need to be improved for c o r r e c t p r e d i c t i o n o f f l u tt e r boundary and c o r r e l a t i o n w i t h experiment i n t r a n s o n i c f l o w f o r t h i n h i g h l y swept propfans. subsonic i s o l a t e d a i r f o i l t h e o r y 35 i s used i n simu-F i g u r e IO shows t h a t t h e f l u t t e r speed index
The cascade An EulerlNavier-Stokes flow s o l v e r i s used t o o b t a i n t h e f l u t t e r boundaries for a t y p i c a l s e c t i o n s t r u c t u r a l model w i t h several a i r f o i l s e c t i o n s . The a p p l i c a t i o n o f t h e code for p r e d i c t i n g t r a nsonic f l u t t e r c h a r a c t e r i s t i c s o f t h i c k and t h i n a i r f o i l s i s demonstrated. Based on t h i s study, t h e f o l l o w i n g c o n c l u s i o n s a r e drawn.
1. The r o t a t i o n a l flow e f f e c t s behind t h e shock have a s t r o n g e f f e c t on t h e t r a n s o n i c f l u t t e r speed depending on t h e chordwise l o c a t i o n of t h e shock. The n e g l e c t o f r o t a t i o n a l flow e f f e c t s r e s u l t s i n p r e d i c t i n g a h i g h e r f l u t t e r speed.
2. The two d i s s i p a t i o n models employed, one based on t h e l o c a l p r e s s u r e g r a d i e n t scaled by a c o n s t a n t f a c t o r and t h e o t h e r based on t h e l o c a l pressure g r a d i e n t s c a l e d b y s p e c t r a l r a d i u s , pred l c t e d t h e same f l u t t e r boundary up t o t h e t r a ns o n i c d i p f o r a t h i c k a i r f o i l . However, i n t h e r e c o v e r y r e g i o n , t h e boundaries p r e d i c t e d by these models a r e d i f f e r e n t .
angle o f a t t a c k , and v i s c o s i t y for t h e Reynold's number s t u d i e d on t h e minima o f t h e t r a n s o n i c d i p seems n e g l i g i b l e . However, t h e y have a s i g n i f ic a n t e f f e c t away from t h e d i p . 5 . The p r e d i c t e d f l u t t e r Mach number for a s i m u l a t e d SR5 p r o p f a n blade i s about 4.5 p e r c e n t l e s s t h a n t h a t o b t a i n e d by experiment. f e r e n c e i s a t t r i b u t e d t o t h e s i m p l i f i e d a e r o e l a s t i c model used i n t h e p r e s e n t a n a l y s i s . The f l u t t e r boundary showed a v e r y low t r a n s o n l c d i p . F u r t h e r s t u d i e s a r e needed t o i n v e s t i g a t e t h e e f f e c t s of mean angle o f a t t a c k , mass r a t i o , and e l a s t i c a x i s p o s i t l o n on t h e t r a n s o n i c f l u t t e r of h i g h l y swept composite propfans.
l o c a t i o n and s t r e n g t h o f t h e shock, t h e r e by a f f e c t i n g t h e f l u t t e r boundary. s h i f t s t o h i g h e r
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